S ystemic infusions of angiotensin II (Ang II), a potent vasoactive agonist in the subpressor range, lead to hypertension and reduction in the glomerular capillary ultrafiltration coefficient (^f). 1 -3 Vasoconstriction of vascular smooth muscle and glomerular mesangial cells contributes to the pathophysiology in models of hypertension and renal injury. 4 - 6 In resistance vessels and isolated glomeruli, an enhanced contractile response has been documented to several vasoactive agonists during systemic exposure to subpressor Ang II before the onset of hypertension. 78 Although the biochemical basis for these observations is poorly understood, it has been shown that during the prehypertensive phase, Ang II can enhance binding affinity to smooth muscle and glomerular mesangium and increase receptor density of glomeruli. 8 ' 9 In isolated renal glomeruli, there are markedly enhanced Ang H-induced decrements in cyclic AMP (cAMP) production, a signaling process mediated through G i; a guanine nucleotide binding protein originally defined by its ability to mediate agonist-induced inhibition of adenylate cyclase. 10 Such enhanced signaling could potentiate the contractile response. 8 A pivotal role for G proteins exists as a modulator of signal transduction for various enzymatic pathways and ion channels. 10 These observations of markedly enhanced Ang II-induced signal transduction and only modest changes in binding suggest that at least part of Ang II's action may be mediated by modulation in G proteins. The present studies were designed to test this hypothesis through assessment of G proteins with bacterial toxin-catalyzed ADP ribosylation and quantitative immunoblotting of membranes from control and Ang IItreated animals. Studies were limited to the prehypertensive phase of continuous Ang II infusion to avoid the confounding problems of structural changes in resistance vessels and renal glomeruli during established hypertension. We identified significant increments in pertussis toxin-catalyzed ribosylation of a4o-4 i and corresponding changes in the G; family as detected by immunoblotting.
Methods

Animal Model
Male Sprague-Dawley rats (225-250 g) obtained from Charles Rivers, North Wilmington, Mass., were maintained on normal diets and were treated as controls or systemically infused with Ang II as previously described. 8 Six rats were included in each group. The number of experiments indicated at various places in this study are representative of separate, independent groups of control and experimental animals that were tested and from which individual membrane preparations were made. The infusion rate for Ang II has been previously documented to enhance glomerular and smooth muscle binding affinity and did not increase blood pressure during the first 36 hours.
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Preparation of Glomerular and Mesenteric Vascular Membranes
Animals were killed by decapitation after 36 hours of infusion. Glomeruli isolated from the kidneys by a sieving technique described by Misra 11 were homogenized with a Brinkman Polytron homogenizer (Brinkman Instruments, Westbury, N.Y.) for 30 seconds at one hah 0 maximum speed. The pellet sedimenting between 650 and 41,000g was stored at -70°C. A crude homogenate of mesenteric vessels was prepared by a modification of the methods of Gunther et al. 12 Mesenteric vessels obtained by blunt dissection from six rats were homogenized in 20 ml 50 mM Tris-HCl pH 7.4 with a Brinkman Polytron at one half maximum speed for 15 seconds. The pellet sedimenting between 650 and 41,000g was stored at -70°C.
Activity of 5' nucleotidase was assayed by a modification of the method of Avruch and Wallach 13 to determine fold enrichment of plasma membranes over crude homogenate. Glomerular membranes from controls were enriched 2.3-fold and from Ang II-infused rats 2.1-fold (NS). Mesenteric membranes from control rats were enriched 1.8-fold as compared with 1.6-fold for membranes from Ang II-infused rats.
[
P]ADP Ribosylation and Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis
Labeling of membranes was performed in the presence of activated pertussis toxin (20 (ig/m\) as described by Bokoch et al. 14 A similar protocol was used for incubation with activated cholera toxin, except that 100 fiM GTPyS and 100 mM potassium phosphate buffer, pH 7.5, were substituted for GTP and Tris-HCl, respectively. The reaction was stopped by additions of 4x Laemmli buffer 15 (40% glycerol, 4% sodium dodecyl sulfate (SDS), 4% /3-mercaptoethanol in 80 mM Tris HC1, pH 7.4) and boiling for 5 minutes. Samples were subjected to SDS-polyacrylamide gel electrophoresis (PAGE) on 11% polyacrylamide gels according to the method of Laemmli.
13
The gels were dried, and radiolabeling of membranes was monitored by autoradiography.
Quantitation of G Proteins
Determination of the amount of [^JADP-ribosylated pertussis toxin substrate in vasoactive tissue was made after electrophoresis on 11% polyacrylamide gels by cutting the 40/41 kd band from the gel, dissolving the slices in 30% H2O2, and counting by liquid scintillation spectrometry. The values obtained (4.32 and 3.46 pmol pertussis toxin substrate per mg protein in glomeruli and mesenteric membranes, respectively) correlated very closely with those reported for hepatocytes. 16 For subsequent evaluations the extent of ADP ribosylation was determined by scanning autoradiograms using an LKB Ultrascan XL Laser Densitometer (model 2222-010) and the LKB 2400 Gelscan XL Software package, version 1.2 (LKB Instruments, Inc. Gaithersburg, Md.), as described previously in this laboratory. 17 Similarly, the relative amounts of the a-subunits of the Gj isofonns was also assessed by laser densitometry of immunoblots.
Dose-response radiolabeling experiments indicate that for both control and experimental groups, there was no significant nicotinamide adenine dinucleotide (NAD) hydrolase activity observed within the range of protein concentrations used. A 2.7-fold and 3. 
Immunotransfer Blotting and Immunoprecipitation
The electrophoretic transfer of proteins from 11% SDS-PAGEs to nitrocellulose paper was carried out according to the methods of Woolkalis and Manning. 18 The antisera used in developing immunotransfer blots were generated from rabbits after injection of keyhole limpet hemocyanin (KLH)-conjugated synthetic peptides corresponding to specific regions in the primary structure (Table 1) of G,-like a-subunits (a r l, antisera 3646; a-2, antisera 1521; a r 3, antisera 1518) or the KLH-conjugated 16-amino acid peptide designated Gaa^na, (antisera 1398). 20 ' 21 Detection of proteins was performed by incubations of blotted nitrocellulose membranes with rabbit antisera and horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G (IgG) 18 or 1:3,000 dilution of goat anti-rabbit IgG conjugated with alkaline phosphatase. 22 Immunoprecipitation of [ 32 P]ADP-ribosylated pertussis toxin substrates with antisera 1398 was performed as previously described. 20 Antisera were generously provided as gifts by David R. Manning. Amino acid sequences are given in the one letter code. For each of the indicated synthetic peptides, an amino terminal cysteine residue was added to conjugate the keyhole limpet hemocyanin (KLH) to the peptide."
•Differences in amino acid substitutions in synthetic peptides distinguishing o,-l and a\-2 are displayed in bold type. These represent actual sequence differences in a r \ and a-2 and the antisera generated are specific and do not exhibit CToss-reactivity. "• 2I
Results
Characterization of G Proteins
Labeling experiments with [ 3) . A 41-kd protein was similarly identified in resistance vessel membranes (data not shown). Western blots generated using rabbit antisera specific for a "consensus" sequence of a-subunits (Table 1) independently verified the existence of a 41-kd protein in membranes from both tissues ( Figure 1, lanes 6-9) , as well as a less predominant 40-kd protein in mesenteric membranes (Figure 1,  lanes 6 and 7) . By IEF/SDS-PAGE, the 40/41-kd proteins are resolved into three very closely situated spots from mesenteric vascular membranes ( Figure  2A ) and two more distinct spots from glomerular membranes ( Figure 2B ). These spots are situated near actin and are equivalent to species observed for rabbit liver. The 40-kd protein (the intermediate spot in Figure 2A) (Figure 2 ). Label incorporation in resistance vessel membranes was 465±310% from Ang IIinfused rats as compared with controls (n=3).
In contrast, no consistent increase in [^PJADP-ribose incorporation was observed after Ang II administration with incubations conducted in the presence of cholera toxin. For glomerular membranes, levels of detected [ 32 P]ADP ribosylation in the Ang II group was 1.1-fold higher than control (range, 0.7-1.5; n=6). In mesenteric vascular membranes, radiolabeled cholera toxin substrate in the Ang II group was 1.5-fold greater than control (range, 0.4-3.1; n=8). Values represent area under peaks generated from laser densitometry scans of autoradiograms as described in "Methods."
Immunoblots generated using rabbit antiserum 1398 specific for a consensus sequence of a-subunits (Table 1 ) demonstrated no differences in the amount of a^o-41 between the control and experimental group (Figure 1 ). To validate that the protein that increased on pertussis labeling was identical to the protein (or proteins) identified with Ga^ou,,,,,, antisera, we conducted immunoprecipitation. The radiolabeled 40/41-kd pertussis toxin substrate was immunoprecipitated with Gacommo,, antisera (data not shown). Recent studies have documented the existence of a family of G t isoforms that are all substrates for pertussis toxin-catalyzed ribosylation. 23 Thus, it was important to ascertain whether differences in the amount of protein could be detected with antisera that recognized unique epitopes (Table 1 ) on these proteins. Laser densitometric scans of Western blots revealed a 250 ±150% and 35 ±21% increase in a r 2 and a,-3, respectively, from the Ang II group compared with the controls (n=4), whereas the converse was observed for a,-l, which was diminished by 53±0.58% (n=3) in the Ang II groups as compared with control protein (Figure 3 ). These data are not intended to show relative abundance of the Gj isoforms in glomerular membranes as they are representative blots using different staining techniques.
Discussion
Ang II is a potent vasoactive agonist that has been demonstrated to exert a pathogenic role in hypertension and altered glomerular filtration. glomerular mesangium, liver membranes, adrenal glomerulosa, and leydig cells), phospholipase C (glomerular mesangium and vascular smooth muscle), and ion channels (adrenal glomerulosa). We previously reported marked reductions in glomerular surface area accompanied by enhanced decrements in cAMP production in response to Ang II after Ang II infusion in vivo. 8 These changes were significantly greater than could be explained by modest increases in receptor density and affinity and led us to test the hypothesis that augmented signal transduction might be explained by changes in the relative amounts of G proteins. Attention was focused on the a-subunit of heterotrimeric G proteins since this subunit mediates regulation of most effector systems. 33 The a-subunits of these tissues were identified and quantitated both by immunoblotting with peptide-specific antisera (Table 1) and by their characteristic abilities to be ADP-ribosylated by cholera and pertussis toxins in the presence of [•y-^JNAD. Evaluations conducted in rats infused continuously for 36 hours with subpressor Ang II revealed a 168-465% increase in the pertussis toxincatalyzed ADP ribosylation of the a-subunit of a 40/41 kd G protein (or proteins). There was apparent specificity of regulation in that essentially no change was observed between control and Ang II groups in cholera toxin-catalyzed ADP ribosylation or immunoblotting of G,. Bacterial toxin-catalyzed ADP ribosylation may be used as an index of the relative abundance of the a-subunits of a variety of G proteins in tissues. However, at best, this technique is an indirect method for precise quantitation of G protein levels. 34 - 35 For this reason, membranes were also evaluated by immunoblotting with a variety of peptide-specific antisera. Immunoblotting with antisera 1398, raised against Ga^m^, a peptide sequence (Cys-Gly-Ala-Gly-Glu-Ser-Gly-Lys-Ser-Thr-Ile-ValLys-Gln-Met-Lys) near the amino terminus that is virtually identical to the corresponding sequences of Gj, G o , transducin, G,, and G^ (one amino acid difference, respectively), revealed no differences in the levels of the a-subunit of the 40/41 kd G proteins between control and treated groups. This apparent discrepancy may be accounted for by several alternative explanations. One possibility was that a unique G protein, not recognized by Ga^n,^ antisera, was radiolabeled by pertussis toxin. However, immunoprecipitation with antisera 1398 demonstrated that the radiolabeled G protein was the same protein detected by immunoblotting.
Until recently Gj was thought to be a single, pertussis toxin-sensitive GTP-binding protein with an approximate molecular mass of 40/41 kd. The classification "G," is now used to refer to a family of G proteins whose a-subunits are designated a r l, a r 2, and aj-3. All three isoforms contain a cysteine residue at the fourth position from the carboxy terminus of the a-subunit, conferring upon them sensitivity to pertussis toxin-catalyzed ADP ribosylation. 34 - 36 The deduced amino acid sequences for their gene products display 87-95% sequence homology. 37 Therefore, a second possibility was that, within the family of a, isoforms, differential regulation may have occurred that was not detected with Ga^^no,, antisera (which recognizes all three) and conventional SDS-PAGE where they overlap significantly. Thus, by using peptide-specific antisera we demonstrated a 250% increase in the amount of a,-2, a 35% increase in cri-3, and a 53% decrease in a r l from Ang II-treated glomerular membranes. The functional significance of the marked increase in a r 2, smaller increase in a r 3, and decrease in a r l as reported herein remains to be determined. To date, the isoforms appear to have overlapping biological effects in that all three a t proteins have similar efficacy to open atrial K + channels when used in their persistently activated forms. 38 However, one difference that has emerged in their function is the fact that a r 2 binds GTPyS severalfold faster than a,-l and a,-3 and similarly a r 2 displays the fastest rate of GDP release. 39 Since agonist G protein interaction involves GDP release and GTP binding to activate effector function, the data from Carry et al 39 suggest that the relative proportion of a,-2 as compared with a r l and a r 3 have important implications for facilitation of agonist-mediated signal transduction. Furthermore, the large increase in a ; -2 in this model of Ang II-induced hypertension may facilitate the rate and magnitude of signal transduction in this and other models of hypertension. These observations on isoform regulation suggest not only that the Ang II receptor of glomenilar mesangium may be linked to all three G ( isoforms, but that Ang II can discriminate between the G protein subtypes despite structural homology. A previous study using this same tissue suggested that only two isoforms were present (a r 2 and a r 3) by Northern blot analysis of messenger RNA (mRNA) levels and implicated indirectly links of these pertussis toxin substrates to the Ang II receptor system. 29 Another recent study demonstrated a link between a/l and the Ang II receptor of hepatocytes. 40 In this latter study, Ang II elicited a time and dose-dependent increase in the phosphorylation of a,-2 that coincided with the loss of ability of Gpp[NH]p to inhibit forskolin-stimulated adenylate cyclase activity. Several recent studies using other receptor systems have also linked this Gj isoform (a r 2) to inhibition of adenylate cyclase. 23 . 41 Thus, it seems reasonable to speculate that the observed increase in a r 2 in vasoactive tissues accompanying Ang II infusion in vivo in rats may mediate the enhanced inhibition of cAMP production and mesangial cell contraction reported previously. 8 The significance of the decrease in a,-l and the modest increase in a ,-3 for Ang II-induced signal transduction remains to be determined.
In G protein receptor-coupled signal transduction systems, heterotrimeric G proteins confer a high affinity state to the receptor while uncoupling, and subunit disassociation lowers agonist affinity. 33 Since pertussis toxin-catalyzed ADP ribosylation can only occur with the heterotrimeric form of G,, it may be speculated that the observed increase in ADP ribosylation of a r 2 and a,-3 in the present study is associated with an increase in the amount of the holoproteins. In this context, a higher affinity state may be conferred to the Ang II receptor system by virtue of more receptor-coupled G protein. Thus, the 168% and 465% increase in pertussis toxin substrate of glomerular and smooth muscle membranes accompanying Ang II infusion in vivo may account for the increased binding affinity of 33% and 29% reported earlier in these tissues after Ang II infusion in vivo. 8 -9 The converse has been shown to be true in that agonist binding affinity to the a 2 B adrenergic receptor of NG108-15 cells is reduced substantially by antisera against the C-terminal decapeptide of a r 2 that blocks receptor interaction. 23 Furthermore, specificity is documented by the fact that antisera against the same region of other G protein a-subunits present in these cells is without effect on agonist binding affinity. Such a definitive link in the Ang II receptor system remains to be determined.
To our knowledge, this is the first time that differential regulation between Gia isoforms has been reported in any tissue. However, regulation of Gj isoforms has been documented. For example, Malbon et al 34 found a 2.5-fold increase in ADP ribosylation by pertussis toxin of a 40/41 kd protein in fat cells from hypothyroid rats as compared with,control animals. The initial interpretation was that this was due to an increase in both G o and G|. However, Milligan and Saggerson 42 demonstrated a twofold increase in a { -l, a r 2, and a r 3 in the same model. In addition, Green et al 43 reported a loss of all three G;a isoforms from fat cells after prolonged exposure to adenosine. Thus, a number of studies have implicated agonist modulation of G; isoforms, but all three either decreased or increased in parallel, unlike the present observation.
In summary, the present studies demonstrate significant induction of the a-subunits of 40/41 kd G proteins of systemic and renal vasculature that are substrates for ribosylation by pertussis toxin. Of interest is the fact that differential regulation of three Gj isoforms was shown with the largest increase in a r 2, which may influence signal transduction through the adenylate cyclase and other effector systems. Furthermore, these observations suggest that the Ang II receptor is capable of discriminating various G proteins despite structural homology, which may have important implications for cellular function of these vasoactive tissues. Multiple Ang II receptor subtypes have recently been identified through the use of nonpeptide Ang II antagonists. 44 Which receptor subtype (AT) or AT 2 ) specifically mediates the regulatory role described herein remains to be determined. Taken together, a potential mechanism is demonstrated for amplification of signal transduction in vascular smooth muscle and glomerular mesangium by Ang II and other contractile agonists. The extent to which such a molecular mechanism contributes to hypertension and renal dysfunction remains to be determined.
